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The primary purpose of the Transonic Turbine Test
Rig is to study the effects of axial and radial clearances
on turbine performance. Additionally, the installation
was designed to permit the determination of stator dis-
charge velocities by the application of the momentum and
moment of momentum equations.
Previous attempts to obtain stator discharge veloc-
ities by these methods have been unsuccessful. However,
during this series of tests, with over 150 hours of useful
operating time, the instrumentation and the data acquisition
procedures were improved to the extent that the difference
between stator discharge velocities obtained from a momentum
analysis and those obtained from continuity were reduced to
less than three percent.
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Stator throat area (in. )
2Annulus area, stator discharge (in. )
Annulus area, rotor discharge (in. )
Constant in flow nozzle equation (dimen-
sionless)
Conversion Factor, 2gJ (ft. 2 -Ihm/sec. 2 -BTU)
Conversion Factor, 2gJcp (ft. /sec. - R)
Conversion Factor (tf -1) (dimensionless)
Conversion Factor tf/(tf-l) (dimensionless)
Conversion Factor (Ibs./in. /in.-H20)
Flow nozzle diameter (in.)
Pipe diameter at flow nozzle inlet (in.)
Axial force on the closure plate (lbs.)
Pressure forces on the stator assembly
Axial force on the stator assembly (lbs.)
Universal gravitational constant
(ft. -lbm./sec. 2 -lb.
)
Total enthalpy (BTU/lbm.)
Equivalent total enthalpy (BTU/lbm.)
Blade height (in.)
Static enthalpy (BTU/lbm.)


















J Conversion factor (778.16 ft. -lb/BTU)
kj_ s Head coefficient (dimensionless)
kt Factor to account for stator/rotor blade
trailing edge thickness (dimensionless)
M-l Mach Number at stator discharge
(dimensionless)
M Moment (ft. -lb.)
Mcl Moment on closure plate (ft. -lb.)
Dynamometer moment (ft. -lb.)
Moment on stator assembly
Mass flow rate (slugs/sec.)
Rotational speed (RPM)
Polytropic exponent (dimensionless)
Outward normal vector (dimensionless)
Manometer reference pressure (iniHg.)
Barometric pressure (in. Hg.)
phoDd Hood pressure (in. Hg.)




























Total pressure at flow nozzle inlet (in. Hg.) PNOZ
PRF1/PRF2Manometer reference pressures (iniHg.)
Total pressure in plenum (in. Hg.) PSPL
Total pressure at stator inlet (in. Hg.) PTPL
E>tip Tip static pressure at stator discharge (in.Hg.)PTIP
P14-20 shrou<3 static pressures (in. Hg.) P14-P20
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Symbols
R Gas constant for air (53.34 ft. -lb/lbm.°R)
'hub Hub radius (in.)
Rro Mean radius (in.)
Rtip Tip radius (in.)










S Blade spacing (in.)
TCL Temperature in Cascade Lab (°F)
TCR Temperature in Control Room (°F)
Tnoz Temperature at flow nozzle inlet (mv)
Tt -, Temperature in plenum (mv)
t Blade trailing edge thickness (in)
U Peripheral velocity (ft. /sec.)
V Absolute velocity (ft. /sec.)
W Relative velocity (ft. /sec.)
w. Plenum labyrinth leakage flow rate (Ibm./sec.) FLOWL
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©< n Coefficient of thermal expansion (dimension-
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The Ares Mod II turbine is a single stage axial flow
power unit designed by Dr. M. H. Vavra of the Department of
Aeronautics, U. S. Naval Postgraduate School, Monterey,
California, for use as a power generating device in a liquid
rocket propulsion plant requiring a small high speed unit.
Tests were conducted on a scale model of this turbine to
determine the effects of axial and radial clearances an the
overall turbine performance. The Transonic Turbine Test
Rig, hereafter referred to as TTR, was modified to accommo-
date this model.
The TTR was originally designed to provide a means of
determining stator performance by the application of the
momentum and moment of momentum equations
f
as well as obtain-
ing the effects of axial and radial clearances on turbine
performance without the need for probe installations between
the stator and the rotor.
The tests were performed jointly with Lt. J. A. Messegee,
U.S.N. The effects of axial and radial clearances en turbine
performance are described by Messegee.
This thesis is concerned with the feasibility of deter-
mining stator performance by the methods mentioned above.
Additionally, it describes the test installation, the test
procedures and the data reduction methods for all tests
performed.
Messegee, J. A., Influence of Axial and Radial Clearances on
the Performance of a Turbine Stage with Blunt Edge Non-
Twisted Blades (Naval Postgraduate School, 1967) , Sec. 6.
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The author is most appreciative for the time spent by
Dr. M. H. Vavra in providing encouragement and counsel. In
addition a special expression of appreciation is due to
Mr. J. Hammer who willingly spent long hours helping to
acquire the vast amount of data necessary to complete the
tests
.
2. Test Installation .
The test installation is composed of three sections:
the Allis Chalmers 12 stage axial compressor with its asso-
ciated piping, the exhauster assembly (hood, nozzle, turbine
hood, flow inlet section) described by Monroe, and the TTR,
which will be described in detail.
The Allis Chalmers compressor is the source of drive
air for both the exhauster assembly and the TTR. When
operated independently, the compressor discharges to the
atmosphere through a discharge valve. When run in conjunc-
tion with the TTR, compressor air is discharged into a
settling tank located in the test cello The supply of com-
pressor air to the settling tank is controlled by an elec-
trically operated butterfly valve.
Fig. 1 depicts the piping installation for the TTR.
Turbine air passes from the first settling tank into an
eight in. pipe, thence through a flow nozzle into a six
2Monroe, P. A., An Investigation of the Performance and
Mixing Phenomena Associated with a Supersonic Exhauster
Interacting with Subsonic Secondary Flow (Naval
Postgraduate School, 1967) , Sec. 2.
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in. pipe discharging into a second settling tank. The flow
nozzle is a non-standard flow measuring device. Therefore,
nozzle calibration was necessary. This was first done by
3 4Eckert and then by Naviaux.
Turbine air passes from the second settling tank through
a manually operated control valve into a six in. pipe lead-
ing to the TTR plenum chamber. Exhauster air passes from
the first settling tank through an electrically controlled
butterfly valve into a six in. pipe leading to the exhaust-
er nozzle. The exhauster nozzle converts the airflow into a
high velocity low pressure stream whose momentum is suffi-
cient to discharge the turbine flow rate from a partial
vacuum inside the hood to the atmosphere.
The TTR may be operated with or without the exhauster
assembly. In the latter configuration the butterfly valve
leading to the exhauster is closed and the exhauster with
the hood assembly is removed. The discharge side of the TTR
is then open to the atmosphere. Tests were performed in
both configurations c, However, at pressure ratios above 1.5
operation with the exhauster is required to maintain tur-
bine speed within an acceptable range, primarily because of
dynamometer limitations „ At the higher pressure ratios the
turbine inlet pressure can be reduced so that the turbine
power becomes smaller.
3Eckert, R. Ho , Performance Analysis and Initial Tests of a
Transonic Turbine Test Rig (Naval Postgraduate School,
1966), Sec. 5.
4Naviaux, J. C. , Transonic Turbine Test Rig Exhauster System
Tests and Tests of a Reaction Turbine (Naval Postgraduate
School, 1966), pp. 34 and 35.
16
The TTR is unique inasmuch as it permits the evaluation
of stator performance by the application of the momentum
and moment of momentum equations. This may be done by
measuring the flow conditions existing ahead of, and the
forces and moments acting on, the stator „ The stator assem-
bly is free floating to permit measurement of these forces
and moments
.
Fig. 2 depicts the support structure for the floating
stator assembly. The cradle and stator assembly are sup-
ported on the test bed by two cradle supports. The cradle
is attached to these supports by four 2.5 in i aluminum
thrust flexures which enable the cradle with the stator
assembly to move in the axial direction without changing
the radial tip clearance of the turbine rotor. The stator
assembly is hanging from an aluminum cross member welded
to the cradle, as shown in Fig. 2. A 0.75 in. pin, extend-
ing from the center of the cross member, fits through a
bracket designed to accommodate a Fafnir Self-Aligning Rod
End. To its lower end is attached a specially designed
bracket with two Fafnir Track Roller type bearings. These
bearings ride on the inner periphery of a circular arc
fitting attached to the upper portion of the stator hous-
ing. This design permits rotation of the stator assembly
about its centerline and supports its weight. Two torque
flexures, extending from either side of the stator housing,
transmit the thrust acting on the stator assembly to the




maintain the proper alignment of the front part of the assem-
bly. A 0.75 in. steel shaft extends from the plenum cham-
ber. This shaft is supported by a pillow block attached to
the cradle to guarantee the central alignment of the stator
assembly. With the calibration stand the shaft is used also
to apply known forces and moments to calibrate the force
pickups used to measure the thrust and torque exerted on
the stator during operation of the TTR. The force pickups
used are reluctance type force capsules built by the Wiancko
Engineering Company. Thrust is measured by a Model F1021
pickup with a range of 0-300 lbs. and torque by a Model
F1009 pickup with a range of 0-100 lbs. The thrust pickup
is mounted between the forward cross member of the cradle
and a bracket affixed to the test bed. The torque pickup
is attached to the weight support cross member and the
plenum chamber. Fig. 3 is a scale drawing of the TTR illus-
trating the installation of the floating stator assembly.
The turbine rotor is attached to an overhung shaft which
is supported by a separate bearing housing that is fixed to
the test bed. The shaft runs in two matched sets of high-
precision ball bearings that are lubricated by oil-mist.
A steel quill shaft is used to connect the rotor shaft to
a Vortec Air Dynamometer located outside the hood. The
bearing housing may be moved axial ly to change the axial
clearances between rotor and stator bladings from about
zero to 1.5 in.
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A six-lobe flux cutter is fitted to the end of the quill
shaft outside of the hood. These lobes, in conjunction with
a magnetic pickup provide a means for determining turbine
speed. Turbine speed is read on a Hewlett-Packard electro-
nic counter actuated by the pickup.
Turbine speed is controlled by varying the flow area of
the dynamometer, thereby varying the load on the turbine
„
The dynamometer is designed so that its output torque may
be measured in one of two ways, either by strain gage
equipped electronic capsules or by a direct reading spring
capsule. Neither of these methods proved entirely satis-
factory. The electronic capsules were difficult to cali-
brate and repeatable results could not be obtained. This
situation could be attributed to the wide temperature
variations in the test cell during the tests. These tem-
perature variations are due to high temperature air exhaust-
ing from the dynamometer. The spring capsule could only be
read in the test cell. For these reasons a more reliable
and temperature insensitive electronic torque measuring
system was developed that could be calibrated with ease.
Fig. 4 shows the installation of the measuring device that
proved most satisfactory. The installation consists of a
twenty in. long arm attached to the dynamometer housing
which is used in conjunction with a Wiancko Model F1009
force capsule with a range of 0-50 lbs. The support struc-
ture for the force pickup consists of two aluminum extrusions





(a) Dynamometer, Dynamometer Arm, Force Capsule Support Structure,
Force Capsule, (b) Force Capsule with Dynamometer Arm in position.
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them. The force pickup is attached to a Fafnir Self-
Aligning Rod End mounted in the support bracket. To the
lower end of the force pickup is fitted an aluminum block,
milled out to allow the free end of the dynamometer arm to
pass through it. The dynamometer arm has a ball fitting
attached to the free end which rests in a hemispherical
groove cut in the aluminum block. The hemispherical groove
has a larger radius than the ball fitting to insure proper
alignment between the dynamometer arm and the force capsule,
Additionally, a fitting is attached to the bottom of the
aluminum block for the calibrating of the force pickup with
known weights. This assembly was successful for the mea-
suring of the dynamometer torque independent of the ambient
temperature in the test cell. The torque exerted on the
dynamometer housing is transmitted to the arm and produces
a tension load that is taken up by the force capsule „ Only
tensile loading will be indicated since the dynamometer arm
is not rigidly attached to the force capsule, which in turn
is not rigidly attached to the support structure..
The following paragraphs describe the flow of the air
through the TTR and discuss the instrumentation necessary
to measure the flow properties at different locations. Air
enters the plenum chamber and passes through a large number
of holes into the floating stator assembly. In the fixed
plenum chamber the air temperature is measured by two
thermocouples that extend into the airflow from opposite
sides of the plenum chamber.
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The mass flow of air entering the plenum is that mea-
sured by the flow nozzle. However, the airflow through the
turbine is reduced by the leakage through the plenum laby-
rinth seals. Methods to determine the reduction in turbine
mass flow due to this leakage are given by Eckerto
A special probe housing extends from the central body
of the floating stator assembly. This housing, referred to
as the bullet probe, contains a total and static pressure
probe and a thermocouple to measure total temperature c The
total pressure measured by this probe was not used in these
tests due to the losses incurred between this point and the
stator.
Fig c 5 is an enlarged view of the stator section shown
in Fig. 3. It illustrates the installation of the Ares Mod
II Turbine in the test rig c Three conical screens are
arranged ahead of the stator c. They were installed to in-
sure uniform flow distribution ahead of the stator. The
total pressure at the stator inlet is therefore measured by
six fixed Kiel probes, equally spaced around the periphery
of the stator housing B Additionally, there are arranged
two radially adjustable total pressure and total temperature
Kiel probes just aft of the screens, as shown in Fig c 60
A closure plate is attached to
/
and concentric with, the
stator. The closure plate is installed to provide a means
5
Eckert, R. H c , Performance Analysis and Initial Tests of a
Transonic Turbine Test Rig (Naval Postgraduate School,
1966), Seco 5.
24
*y", '"^ tiiiip srszr"ssz&
25
FIG. 6
STATOR INLET FLOW PASSAGE
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of determining the static pressure force and moment on the
stator assembly in the region between the stator hub and the
turbine center line.
Torque is exerted on the closure plate by the shear
forces in the peripheral direction. These forces are the
result of the rotational motion imparted to the fluid by
the rotor.
The static pressure existing on the downstream side of
the closure plate is different from that in the chamber
behind the closure plate. Due to the rotational velocity
imparted to the fluid by the rotor, the pressure on the
downstream side of the closure plate varies with radius.
Therefore, an accurate measurement of this pressure may not
be readily obtained. However, by obtaining the force
exerted on the closure plate, due to the pressure differen-
tial across it, an accurate measurement of the pressure
force exerted on this area is obtainedo
The closure plate is attached to a spool which in turn
is attached to a spoked wheel type flexure „ The spool and
flexure are instrumented with strain gages to obtain the
axial force and torque on the closure plate. The pressure
in the chamber formed by the bullet probe support, stator
and closure plate, Phub' ^s raeasure<^ on a manometer board
with tubes that pass through the supports of the bullet
probe. Then the net force on the closure plate is that
caused by P^u^ , less the measured force on the closure
plate.
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Initial tests were run with a three-spoke flexure. This
flexure proved to be very sensitive to off center loadings
and was difficult to calibrate. A four spoke flexure was
manufactured and all four webs instrumented with strain gages
to eliminate this deficiency. When the new flexure was in-
stalled, all the existing leads were used to obtain outputs
from the four sets of strain gages installed on the webs»
In order to obtain readouts from both the flexure and torque
spool additional leads were required. However during the
initial tests the torque on the closure plate was found to
be less than one percent of the total torque on the stator
assembly. Therefore, in the interest of saving time, new
leads were not installed, and the strain gages on the torque
spool were not connected during the final series of tests.
For data reduction purposes the torque on the closure
plate was assumed to be constant, equal to 15 counts (0.27 6
ft.-lbc). The error in peripheral velocity caused by this
assumption will be less than one-third of one percent.
Stator discharge pressure can be measured at the hub
and tip radius only The static pressure at the stator tip
is measured by three equally spaced taps 0.25 in. down-
stream of the stator trailing edges. These taps are
commoned to give an average tip static pressure
,
The gap formed by the closure plate and the inner con-
tour of the stator is 0.127 5 in., and the outer edge of the
closure plate is 0.020 in. inside of the inner flow passage
of the stator discharge. The pressure existing in this gap
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is assumed to be that at the hub of the stator. With the
chamber formed by the bullet probe support, stator, and clo-
sure plate sealed from the atmosphere, the pressure in the
gap is the pressure in the chamber. 6
Tests were made at radial rotor tip clearances of 0.033
and 0.015 in. The larger clearance is obtained with the
shroud of Fig. 5. This shroud has sixteen sets of three
commoned static pressure taps
f
installed at 0.25 in f incre-
ments of the axial distance from the stator tip to the
shroud exit. Additionally, one set of taps is arranged in
the end face of the shroud.
For these tests the only pressures of interest were the
stator tip static pressure and those that affect the axial
force on the stator, name^ those measured by the two sets
of taps on the bevel and the set on the end face of the
shroud. With this shroud installed pressure and tempera-
ture surveys may be conducted at the rotor discharge.
A second shroud is available to permit surveys to be
taken at the stator and rotor discharges, and in addition
reduces the rotor radial tip clearance to 0.015 in. The
pressure taps of this shroud are almost identical with
those of the one previously described, with the difference
that only two taps are arranged at each axial location.
The second shroud has a double bevel at the exit instead
of the single bevel shown in Fig. 5. Two sets of taps are
installed in each bevel and at the end face of the shroud
6Vavra, M. H. , Air Tests of the Mod I Are^ Turbine,
(Report Ares VA - T No. 8, 1966) , p. 14.
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to obtain a more accurate measurement of the pressures
affecting the axial force on the stator.
All temperature probes are Iron-Cons tantan thermo--
couples. The cold junction is inserted in an ice bath to
provide a 32° F, reference „ Temperatures are read, in
millivolts, on a 48 channel Brown potentiometer.
All pressures are measured on a 96 in. high mercury
manometer board with 0.1 in. graduations.
An accelerometer mounted on the bearing stand provides
a means of monitoring the vibration patterns of the test
rig. The output signal of the accelerometer is displayed
on a Singer Panoramic Analyzer and on an RMS millivoltmeter.
All instrument readouts are located in the control
roonio Fig. 7 is a schematic representation of the instru-
mentation of the TTR for the evaluation of the performance
of the Ares Mod II Turbine.
3. Test Procedures.
Evaluation of stator performance using the momentum and
moment of momentum equations requires a high degree of
accuracy in determining the axial forces that are exerted
on the stator assembly,, Therefore all force measuring
devices must be carefully calibrated to insure the required
degree of accuracy.
The force capsules measuring the net force and moment
on the stator assembly are calibrated prior to each test
run. A system of lever arms has been devised to apply torque
and axial loads on the stator assembly with known weightSo
30
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Axial force calibration is achieved by applying various
axial loads on the stator assembly. The force capsule out-
put is then linearized between ten and 12 KC. Linearization
is accomplished by applying full load (160 lbs.) and adjust-
ing the bandwidth to 12 KC, then removing the load to obtain
a zero setting. Half load is then applied and the reading
should be 11 KC. If the output is not 11 KC, the reading is
changed in the direction of the error by an amount equal to
three times the difference between 11 KC and the reading
„
Then the full and no load readings are readjusted to 12 and
ten KC. This procedure is repeated until linearity is
achieved. System hysteresis is checked by loading the
assembly in 20 lbo increments from zero load to full load
and then decreasing the load in like increments
„
Stator torque is calibrated in the same manner as the
axial force. In this instance, however, a torque load is
obtained by applying the weights at the end of a 20 in. .".
lever arm. Full load is attained with six 5 lb. weights
resulting in a 50 ft. -lb. torque applied to the stator
assembly.
Dynamometer calibration is performed with the dyna-
mometer arm in position. This is taken as the zero load
condition. The force capsule output is again linearized
over a two KC range with the maximum reading corresponding
to a dynamometer output of 800 in. -lb.
Initial tests were run with the dynamometer force cap-
sule exposed, as shown in Fig. 4. During these tests a
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great deal of difficulty was experienced in obtaining
repeatable data. It was noted that, at the end of each
test, the dynamometer output would not indicate zero load.
Several attempts were made to determine the cause of this
condition. It was finally ascertained that, even though
the force capsule was said to be temperature insensitive
in the test range, uneven heating or cooling caused large
variations in the output signal, The source of the problem
was exhaust from the dynamometer which discharges directly
into the region where the capsule is mounted. Therefore,
the force capsule was insulated from the dynamometer dis-
charge air by installing an enclosure around it. To fur-
ther insure that the capsule is maintained at a constant
temperature, ambient air is blown through the enclosure by
an electrically driven fan. This fan is situated outside
the test cell to deliver air at almost constant tempera-
ture c The discharge of the fan is attached to a flexible
tube of 3 in. diameter which is connected to the bottom of
the enclosure.
After the dynamometer has been calibrated, its lever
arm is lifted by hand to take a no-load tare reading of the
force capsule. This tare provides a means of checking the
capsule during the run for any long term temperature varia-
tion. The dynamometer arm is lifted periodically during
the run and the reading obtained is compared with the tare
reading. The dynamometer output is corrected by the dif-
ference of the two readings.
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The axial force and torque on the closure plate can be
calibrated only when the rotor is removed. However, these
forces are measured by strain gages which do not require
frequent calibration.
After the initial tests, it was found that the force
capsules used to measure the axial force and torque on the
stator assembly were affected in varying degrees by tem-
perature changes also However, these changes are not as
radical as those experienced in the region of the dynamo-
meter and may be easily compensated for. This is accom-
plished by noting the no load indication immediately after
shutdown
/
and correcting the force and torque indication by
an amount equal to the difference between the reading and
the original calibration no-load reading „ Since a rela-
tively long temperature stabilization period is allowed
prior to data acquisition, it is assumed that the force
capsules reach temperature equilibrium also. During the
initial test runs it was found that the torque on the clo-
sure plate was less than one percent of the net torque on
the stator assemblyo Additionally, the torque spool proved
to be too rigid to achieve the desired sensitivity. There-
fore, during the final tests, the closure plate torque was
assumed to be constant.
Turbine Tests
During the test runs, periodic checks on the RPM mea-
sured by the electronic counter in the control room were
made with a strobotac.
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Thirty test runs were carried out at different pressure
ratios, various axial clearances and radial clearances^ over
a range of speeds from 10,000 to 19,000 RPM. Mass flow
rate variations at a given pressure ratio were achieved by-
operating with or without the exhauster assembly.
Runs 51 through 63 were made at a radial clearance of
0.033 in. and axial clearances of 0.2, 41, 0.64, 1.0 and
1.5 inches. Pressure ratios of 1.3, 1.4, 1.5, and 1.6 were
chosen for the test operating conditions with the exhauster
installed. These pressure ratios gave the widest range of
data within the design regime of the Mod II turbine. When
operating without the exhauster, pressure ratios of 1.3,
1.4, and 1.5 were chosen with only a limited operating
range available at 1.5c
The pressure ratio across the turbine is controlled by
two factors, namely, the vacuum produced in the hood by
the exhauster, and the total pressure at the turbine inlet.
For a high vacuum and a low inlet pressure, the mass flow
rate through the turbine at a particular pressure ratio is
smaller than that which occurs at a low vacuum and high
inlet pressure, since the turbine flow rate is nearly
proportional to the turbine inlet pressure.
If the inlet valve to the first settling tank is fully
open, the total airflow through the turbine and the exhaus-
ter is regulated by the compressor discharge valve which
controls the amount of compressor air delivered to the
first settling tank of Fig. 1. The distribution of supply
35
air to the two components is controlled by an electrically-
operated exhauster inlet valve and a manually operated
turbine inlet valve. Movement of either of these two valves
alters the flow rate through both the exhauster and the TTR.
An increase in airflow through the exhauster is accompanied
by a decrease in flow through the turbine, and vice versa.
It was found that the most satisfactory results were
obtained by leaving the exhauster inlet valve completely
open at all times. With the exhauster inlet valve only
partially open, large oscillations from the mean were noted
in the pressure at the flow nozzle which resulted in flow
instabilities throughout the TTR. If this valve is fully
open, the pressure ratio across the turbine can be con-
trolled by the turbine inlet valve and the compressor dis-
charge valve.
To obtain the best possible data correlation, the tur-
bine inlet conditions were set at chosen fixed values for
each pressure ratio. These settings were used each time
for a given pressure ratio. By operating in this manner
any deviations from the norm could be easily recognized and
corrected.
The rotor axial clearance was adjusted prior to each
test run by moving the bearing housing in the rotor bearing
stand. After adjusting the axial clearance, the dynamo-
meter bearing housing is positioned to insure that the
shaft splines of the rotor and dynamometer are engaged with
the splines of the quill shaft over their whole axial length,.
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Just prior to commencing a test run, the two valves
controlling the oil flow to the oil-mist producer for the
rotor and dynamometer bearings and the air supply valve
are turned on.
For a test run, the various control valves are set as
follows;
1. Exhauster inlet - fully open
2. Turbine inlet - partially open
3. Compressor discharge - fully open
4. Inlet to the first
settling tank - closed.
After the Allis -Chalmers compressor has been operating
for a sufficient length of time to provide for temperature
stabilization, the turbine is brought up to speed by open-
ing the inlet valve to the first settling tank. When this
valve is fully opened, the desired flow conditions are
obtained by adjusting the compressor discharge and turbine
inlet valves. At the beginning of each, run the air dyna-
mometer is usually set for maximum power absorption, to give
minimum turbine speed. Once the desired flow conditions
have been obtained, temperatures throughout the test in-
stallation must be allowed to stabilize prior to taking
data.
The general procedures for taking data were as follows;
1. The pressure at the flow nozzle is recorded.
2. The following items may be recorded in any order,
but must be taken when the nozzle pressure is at the point
recorded in L
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e. Stator axial force
f. Closure plate axial force
g. Closure plate torque
ho Shroud pressures






3. The following temperatures are recordeds
a. Temperature ahead of the flow nozzle
b. Total plenum temperatures (2)
c. Bullet probe temperature
d. Kiel temperatures (2)
4c The dynamometer arm is lifted and a no-load tare
reading is recorded.
5c The dynamometer load absorption is reduced and steps
(1) through (4) are repeated for the higher speed,, Usually
eight data points were recorded at each pressure ratio „ If
more than one pressure ratio was investigated during a run,
the desired ratio was set and steps (1) through (5) were
repeatedc
This data taking procedure was not used during all tests,
After the results of the first runs were studied, various
38
procedures were tried out to produce more repeatable results.
In general it was recognized that, without the temperatures
being stabilized, significant variations occurred while
recording the data. However, if the temperatures were al-
lowed to stabilize, they would remain constant while record-
ing the remainder of the data. It should be noted here that
whenever the mass flow rate through the turbine is altered
significantly, by changing the turbine pressure ratio, the
temperatures must again be allowed to reach a new steady
state.
It was also noted that small changes in the pressure
level ahead of the flow nozzle affected the RPM, the dyna-
mometer reading, and the force capsule readouts almost
instantaneously. However, total pressure at the turbine
inlet, observed on the manometer board, lagged significantly
behind the above mentioned readouts.
It is therefore necessary to set a definite value for
the pressure at the flow nozzle inlet and to record the
data only if this pressure can be maintained. Only with
this procedure will it be possible to obtain test points
for the proper flow rate.
The total pressure at the stator inlet varies somewhat
if the RPM is changed. Therefore it is necessary to read-
just this pressure to maintain a desired pressure ratio.
Pressure, temperature, and velocity surveys were con-
ducted at the stator and rotor discharge during runs 64,
65, 66, 67, 74, 75, 7 6, and 79. For these surveys, the
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exhauster assembly and the hood were removed. Prior to
these tests the second rotor shroud was installed which has
a radial rotor tip clearance of 0.015 in Operation of the
TTR without the exhauster is essentially the same as previ-
ously described. Then the exhauster inlet valve is closed,
the turbine inlet valve is fully open, and the rotor dis-
charges directly into the atmosphere. Thus the total pres-
sure at the stator inlet is completely controlled by the
compressor discharge valve.
The surveys were made with a United Sensor DA-125 five
hole probe. With this probe it is possible to determine
the pitch angle, yaw angle, total pressure, and dynamic
head at the stator and rotor discharge. Fig. 8 is a pic-
ture of the probe and its supporting bracket as installed
in the TTRc
An additional survey was made at the stator inlet with
one of the two movable Kiel probes to obtain total pressure
variations at various radial positions of the probe.
The surveys at the stator and rotor discharge give an
indication of the flow discharge angles, pitch angles, and
absolute velocities at these locations
„
The total pressure tap (#l),and one of the two static
pressure taps (#2) or (#3) of the probe of Fig. 8, were
connected to either side of a mercury manometer. Addition-
ally, the total pressure tap was connected to one side of a
mercury manometer with the other side open to the atmos-
phere. The two static pressure taps, (#2) and (#3), and
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**Varied + = Performance
Characteristics
° 51 0.033 0.410 J- e T" g jL « *J **13-20,000 +





* 54 0.410 1.6, 1.8 **15-18,000 +
° 55 0.410 - Dynamometer
Calibration
* 56 0.410 1.4 **13-19,000 ti ii
* 57 0.410 1.4 **13-19,000 Spring Capsule
Check
* 58 0.620 1.3, 1.5
1,6
**10-17,000 +
* 59 1.000 1.3, 1.4,
1.5, 1.6
**10-17,000 +
* 60 0.200 1.3, 1.4
1.5, 1.6
**10-17,000 +
* 61 0.410 1.3, 1,4 **11-17,000 +
* 62 0.410 1.5, 1.6 **13-17,000 +
* 63
] !




o 64 o.c115 1.000 1.4 14,600 Stator Exit
Survey
o 65 lo4 14,600 ii ii n
o 66 1.4 14,600 H ii ii
° 67 1.4 14,600 Rotor Exit
Survey


























**Varied + = Performance
Characteristics
*70 0.015 0.410 1.6 **14-19,000 +
*71 0.200 1.3, 1.4 **11-17,000 +
*72 0.410 1.3, 1.4
1.5
**11-18,000 Repeat Run 69
*7 3 0.200 1.3, 1.5 Repeat Run 71
°74 0.200 1.3, 1.4 Repeat Run 71
°7 5 0.410 1.3 11,500 Stator Entrance
& Exit Survey-




















°7 9 .200 1.3, 1.4 **11-17,000 Repeat Run 71
°80 i 1
.410 1.3 Varied
With Exhauster p2 < Pbaronteter





(a) View showing Protractor, (b) View showing probe in "blade
passage.
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the taps used to measure pitch angle, (#4) and (#5), were
each connected to either side of a water manometer.
During the tests the probe was first turned about its
axis until the pressures indicated by taps (#2) and (#3)
were balanced to establish the flow direction. The flow
angle is then read from a protractor attached to the probe,
which is adjusted to read zero when the probe is aligned
with the axis of the turbine.
Temperature surveys were also made at the stator and
rotor discharge with a Kiel probe mounted in the same
manner as the pressure probe.
Table I is a list of the runs performed, showing the
radial and axial clearances, pressure ratios, speed ranges
and test purpose for each run.
4. Data Reduction .,
General
The method of analysis used to evaluate turbine perform-
ance is a one dimensional, mean streamline approach given
by Vavra.
The equations of continuity, momentum, moment of momen-
tum and energy are used in the analysis.. Of primary concern
here is the use of the momentum and moment of momentum equa-
tions to accurately predict the flow conditions at the sta-
tor discharge. However, given in the following is also a
7 Vavra, M. H. , Aero-Thermodvnamics and Flow in Turbomachines
(New York, London: John Wiley and Sons, Inc., 1960) Chap, lb
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complete description of the data reduction methods employed
to obtain the overall turbine performance.
A program (TTR2) was written to reduce the data on the
IBM 360 Computer of the Naval Postgraduate School. A program
description and a sample program are given in Appendix A.
Flow Rate Determination
The turbine flow rate is equal to the flow through the
flow nozzle less the plenum labyrinth seal leakage flow
wt = wn
- W;L (1)
The nozzle flow rate is obtained from the basic flow
equation for a flow nozzle: 8
™n
where
= 359.1 Dn o< n Cn Y1 >| fyv (lbmAr)
Dn = nozzle throat diameter (in.
)
ot n





= discharge coefficient (dimensionless)
Y-l = expansion coefficient (dimensionless)
p-L
= fluid density at the upstream tap (lbm/ft )
h^ = differential pressure across taps (in. H2O)
9For the flow nozzle, made of 2024-T4 aluminums
Of = 1 + 0.00252 ( TnQZ - 527.7 )
100
o
Stearnes, R. F. , et. al. » Flow Measurement with Orifice-
Meters (New York* Van Nostrand Co. , Inc. , 1951)
, p. 6.
9
Eckert, R. H. , Performance Analysis and Initial Tests of
a Transonic Turbine Test Rig (Naval Postgraduate School,
1966), p. 99.
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The nozzle discharge coefficient, Cn , was first
determined by Eckert and then by Naviaux. Naviaux shows
that the nozzle discharge coefficient is constant, equal
5 10to 1.05, above a Reynolds Number of 9.7 5 x 10 .
All tests were performed at mass flow rates corre-
sponding to Reynolds Numbers in the region where Cn is a
constant.
The expansion coefficient for a flow nozzle is
k
2/





where p is the diameter ratio D^/D, . The final form
of the basic flow equation with all pressures in pounds per
square inch, and temperatures in degrees Rankine, becomes:
w_ = 0.8633 D
n « » Cn rx-j
noz "w
n — ~ -l u tinoz
The leakage flow rate through the plenum labyrinths
12





Naviaux, J. Co , Transonic Turbine Test Rig Exhauster
System Tests and Tests of a Reaction Turbine (Naval
Postgraduate School, 1966)
, p. 68.
Asme Power Test Codes, Information on Instruments and
Apparatus > Part 5, Chapter 4, Flow Measurement by
Means of Standard Nozzles and Orifice Plates.
12Eckert, R. H. , Performance Analysis and Initial Tests of





<d »J i ~ 15£Vl
V 4.0791
Then the turbine mass flow rate is found from Eq. (1)
Stator Analysis
To obtain the stator performance characteristics by
the application of the momentum, and the moment of momentum
equations, requires a high degree of accuracy in the mea-
surement of the pressures and forces acting on the stator
assembly. Since the force on the stator assembly is small,
any error in the pressure readings manifests itself in a
relatively large error in the net force which is used to
determine the axial velocity. This is especially true for
pressures at the hub and tip of the stator since they are
multiplied by relatively large areas.
Vavra,
To evaluate the general momentum theorem as given by
13
/dm6 v] + fdm,V, ~/dm s Vc
= /-npdS + /-tTc)S + G
(2)
and to apply the results to determine stator performance,
certain simplifying assumptions will be made; namely:
13Vavra, M. H. , Aero-Thermodynamics and Flow in _Turbo -
machines (New York, Londons John Wiley and Sons, Inc.,
1960), Chap. 5.
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1. The flow is steady and adiabatic.
2„ The flow is axisymmetric with no initial peri-
pheral component and no radial component throughout.
3. The operating fluid is a perfect gas with a con-
stant specific heato
4. Shear stresses on the inner perimeter of the
shroud and at the discharge annulus are ignored „ The inte-
gral of the latter is small.
Since the test rig is designed so that the airflow
enters the floating stator assembly without an axial com-
ponent, Eq. (2) may now be reduced to
j dms\4 - J-fipclS (2a)
where the term representing the weight of the fluid parti-
cles in the control region has been ignored since it is
small in relation to the inertia forces. For the control
region shown in Fig. 9, the terms on the right hand side of
Eq. (2a) become
f-fipdS = f-npdA +f-fi (P»+l?B*PJdA
'A, ' « /A5
+ f-n P dA + f-Hp.dA + f-np dA


















The last integral on the right-hand side of Eq Q (3) is the
measured force exerted on the closure plate, F
c i« The
seventh integral is the force exerted by all the surfaces
in contact with the flow inside the control region.
The component of this term in the axial direction is the
force measured by the force capsule. Since the remaining
terms of Eq. (3) have only axial components / combining
Eqs. (2) and (3)
pmX -I; +f P dA - f P dA
-r(p»»p.+fi*)dA-f P ja
"INA -{lUdA+E,
for an assumed linear pressure distribution from
stator hub to tip
P s P + ( fin-"* »hub Wp_D \
1 W \ P -P M ^ ^hubl)
then
(4)
The remainder of the pressures are measured, and
forces caused by them are simply the pressures times their
respective areas. Solving Eq. (4) for Va
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where F. are the pressure forces, and ms = wfc/g.
The peripheral component of the stator discharge velo-
city is obtained by applying the moment of momentum equa-
tion to the control region. Applying the same simplifying
assumptions used in the previous development for deter-
mining v
a
M- fdmsR VUe -(dm % R,VMl
Since the flow enters the stator axially Vn =0, and
o
ignoring algebraic signs,
m = J dm s R, Vu 4 (6)
With the mean streamline approach
f.dm.R.Vu, = M_








The moment measured by the force capsule is not equal
to M. There is an additional moment imparted to the clo-
sure plate due to the shear forces in the peripheral direc-
tion. These forces are the result of the rotating motion
imparted to the fluid by the turbine wheel. There also
exists a moment on the inner face of the shroud caused by
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shear forces in the peripheral direction,, However, for this
analysis this latter moment was ignored and the net moment
created by the change in peripheral velocity is taken as
M = (Mg + Mcl ) (8)
where Mcl is the moment caused by shear forces on the clo-
sure plate, and M
s
is the measured moment on the stator
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2









Since the flow is assumed to be steady and adiabatic,
and because there is no work done in the stator, the total
enthalpy along the mean streamline must remain constant.
Therefore,





With the perfect gas assumption, Eq. (11) reduces to
Ttpl - Tl + 2gJr
Solving for TV
Tl
: Ttpl " 2gJc (12)








the stator loss coefficient is defined by










To insure that the solution obtained from momentum satis-
fies continuity as well, a check is performed by utilizing
14flow functions defined by Vavra.
$ 21









1 Vavra, M c H. , Problems of Fluid Mechanics in Radial
Turbomachines (Rhode-Saint Genese, Belgium, Von Karman




<|> represents a non-dimensional flow rate,, The right hand
side of Eq. (15) is a function of pressure ratio, the value
of y , and the polytropic loss coefficient C . The pres-
sure at the throat is not a measured quantity. For want of
a better understanding of the phenomena involved, it will be
assumed that throat pressure and discharge pressure are
equal. Fig„ 10 shows the stator flow passage.
With the assumption that the static pressure at the
throat equals that after the stator
$ \
% P \ /n -fc
•tfl
Fig. 11 represents an adiabatic expansion process with
friction in a channel with varying cross sections. The
derivation of the polytropic loss coefficient is given by
15
Vavra









is assumed to be constant throughout the expansion











EXPANSION PROCESS WITH FRICTION
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Integrating Eq. (19)
T = (constant) p (20)
Eq. (20) may be expressed as
T = (constant) p^ (21)
The expression shown in Eq. (16) is obtained by set-
ting the exponents of Eq. (20) and Eq. (21) equal to each
other. The actual stator loss coefficient is defined by
Eq. (14) . The polytroic loss coefficient is somewhat higher
than the actual loss coefficient due to reheat. However,
at low pressure ratios the difference is less than three
percent. It is therefore assumed that
£P
= £'5 (22)
With this assumption Eq. (16) becomes
rf = *
(23)
The three percent error introduced by Eq. (22) manifests
itself in a change of less than one tenth of a percent in
the polytropic exponent shown in Eq. (23)
.
Using the value of the polytropic exponent from Eq. (23)
in Eq. (15)
L (24)
The quantities on the left-hand side of Eq. (24) are
either known or measured quantities; therefore, it is assumed
57
to be correct. P^, however, is not measured but is based on
the assumption that the pressure distribution at the stator
discharge is linear. If this assumption is incorrect, Eq.
(24) will not be satisfied. Therefore an iterative process
is adopted in which p-^ is changed until Eq„ (24) is satis-
fied. Each time p, is incremented, Va is recomputed
using Eq. (5) . Since Vu is unaffected by changes in p-, ,
its value will remain constant. The quantities v\ , T, ,
and T. are recomputed to obtain a new stator loss coef-
xis
ficient, which is then used to obtain a new value for the
polytropic exponent which is introduced into Eq. (24) for a
subsequent check. This process is repeated until Eq. (24)
is satisfied. The solution finally obtained will satisfy
both momentum and continuity within the limits of the
adopted assumptions.
The isentropic flow function is defined by
\
(25)
This flow function holds for an isentropic expansion process
from Ptpl to pr
If the expansion process were isentropic, the area
required to pass the flow would be less than that for the





E, represents the percentage of the throat area that would
be required to pass the flow if the expansion were isen-
tropic.
Rotor Analysis
The analysis of the rotor performance is based on the
moment of momentum equation. For this application the
moment of momentum equation is
M= fdn,s Rx V - f dms R2 V (27)
The moment shown in Eq. (27) represents the moment
exerted on the rotor by the fluid due to the change in
peripheral velocity across the rotor, which is measured by
the dynamometer.
The first integral on the right-hand side of Eq. (27)
was evaluated in the previous section. Combining Eq. (7)
with Eq. (27)
[ dmc R 9 V„ = mc R V - M^ (28)s I u2 s m^ u , D
Again assuming that the average peripheral component





s = \ dms R2 Vu2
(29)







Where w^/g = ms
*
The rotor analysis is greatly simplified by introduc-
ing the so-called equivalent total enthalpy and total pres-
16
sure as defined by Vavra.
The state point shown at E in Fig. 12 is defined by
H„ and Pt . By defining a state point in this manner the
E
expansion process through the rotor may be evaluated as if
the flow passage were a stationary blade row. The equiva-




where W, is the relative velocity of the flow at the rotor
entrance. Its relationship to the absolute velocities at
the stator discharge is shown in Fig. 13= With the known
quantities V^ U # and Oi , w, may be found from
V7 = V
al al









w, = t/Wm^ - v.
The equivalent total enthalpy and temperature are
'a,
established once the conditions at the stator discharge are






























defined unless the losses between the blade rows are known.
The conditions at the rotor discharge may still be obtained.
However, the complexity of the calculations is somewhat in-
creased.
The isentropic temperature change from Tt to To . isE is
(32)AT1S = TT,
It is assumed that P2 is equal to the hood pressure or
ambient pressure when operating without the exhauster. Then
the rotor efficiency is obtained from
% = ATlS (33)
Solving Eq. (33) for T- and substituting for A T^
from Eq. (32) the resulting expression is
JR (34)




(A2 k ) (35)
where A2 is the annulus area at the rotor discharge and
kt is a restriction factor to account for the blade trail-
ing edge thickness. The relationship for kt , developed
17 .from data presented by Beer, is





17 Beer, R. , Aerodynamic Design and Estimated Performance of
a Two Stage Curtis Turbine for the Liquid Oxygen Turbopump




t = the blade trailing edge thickness
S = blade spacing
a = throat dimension
Eq. (36) is not directly applicable to a rotating
blade row due to the increase in flow area resulting from
tip clearance. The increased area reduces the effect of
area restriction caused by blade trailing edge thickness.
If there were no boundary layer, k. for the rotor would
be
A + A A
kt = k. -^ ± (37r t A2
where A A2 is the tip clearance area. However, experi-
ence has shown that there is some area restriction in A A2
due to boundary layer buildup along the stationary walls.
For this analysis it was assumed that the annulus area is
increased by an amount equal to o 5 ( A A2 ) - The resulting






Expressions for W and p 2 must be obtained to solve
Eq. (35) . From the energy equation
\a4 Wa , + Wmj_




Solving Eq. (39) for Wa ,
W
3z =[2 9Jc P^r ATis -Wu\
Combining Eqs. (32) and (40)
'A
(40)
Wa - ^J^x^i-^yw; (41)
From the equation of state
f2 ' RT2









9 w i-^, \-UJ
)
(44)
The left-hand side of Eq. (44) consists of known quantities












Solving this quadratic equation for y r yields
X
1+2 •<• * V+**Fi£?0 (46)
2K- [.-(WJI]
By using an isentropic expansion from Pt£ to p2 for
which the rotor efficiency would be equal to unity, it can
be shown that the minus sign is applicable. With V,
known, there is
W„ = V. - Uo
U.'
u. u.l2 -2
Therefore, all quantities on the right-hand side of Eq. (46)
are known with the exception of the ratio Po/^tE* Multi~








Eq. (47) must be solved to obtain T2 . Substitution into
Eq. (34) gives




With T. and T7 known
W2 =[2gJc p (TtE-T2 )J (49)
Then
Vai = W3a - [ W»- W,\]
and
v, = [v,\+Vu\]
The total temperature at the rotor exit may be found
from
\ s ~l +1^ m ~™ "j^ < 50)
where
CJ = rotor speed (radians/sec)
The absolute and relative discharge angles are obtained
from
OC^ - "tsn (absolute flow)
/% 4.-1 WmoB — Tan —• (relative flow)
Turbine Performance Analysis
In order to evaluate overall turbine performance
additional parameters must be obtained.
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The theoretical degree of reaction of a stage as
18defined by Vavra is
* *
h, - h
r = Tt < 51)
r represents the ratio of the isentropic enthalpy-
drop in the rotor to the isentropic enthalpy drop in the
stage. The degree of reaction is obtained at the hub,
tip, and mean blade positions. With these data it is possi-
ble to ascertain which portions of the blade are performing
as designed. Additionally, low values or r* are indica-
tive of small pressure drops through the rotor. For an
axial turbine low values of r* may result in decelerated
flow in the rotor. This effect is illustrated in Fig. 14
where W2 is less than Vl1 even when the rotor losses are
low.




is a dimensionless parameter relating the total
isentropic enthalpy drop to the peripheral speed at the
rotor entrance, and is an indication of the work capacity
of a stage.
JO
Vavra, M. H. , Aero-Thermodynamics and Flpw in Turbo-
machines . (New York, London: John Wiley and Sons, Inc.,





































The power output of the turbine is measured by the




All the desired output quantities are converted to
referred values by using
* R<* TS (52)
S = W*
where T and p are 518.7 R and 14.7 psia, respective-
ly. Since the test fluid is air
,
and it is considered a
perfect gas, Eq. (52) reduces to
e =
^r








By using referred values, the data obtained at a given
pressure vEAtip Jiw^be comuared regardless of the inlet con-
^uamrt&Bettedrvilues, the data obtained at a giv
&*&¥*&& ratio may be compared regardless of the inlet con-
ditions.
Pressure and Velocity Surveys
The manomf!ePreSa\n'§s'







M^A^ma^i^ the_eter tube- The dyna_
mic head is obtained from
4 = Pl - P2
q = p - pCalibration curves are provided with each probe by
Un1*S<* tftrfftSattxftg,J&fcjh^le^andMach ^er^effectBj.n
us^tfttteteiBfttftu^,, angle and Mach Number effecfcs ^
the stat?feec^99^^ dynamic head had to be corrected for the
abov©hPePfc/ip^^^e^ fects. , Since the curves were given atTW» *ecbra£d dynamic head* had to be corrected for the
abe^a^viely, loweMach Numbers, extrapolation was necessaryea xrects. Since the curves were given at
re £c?^ob,taini applicable corrections. Unfortunately, no defini-irtftSWfrStf 10**&ttrff tfumfcers
, extrapolation was necessary
tive factors for the influence of immersion depth of the
Unfortunately, no defini-
sensing holes were available.
5. Results and Discussion .
Each of the thirty test runs made was reduced with two
different methods. Initially the data were reduced by
using the momentum analysis outlined in Section 4. At that
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time no attempt was made to satisfy continuity by the use
of flow functions. Subsequently the same data were reduced
by the analysis based on continuity which is described in
the Appendix.
Comparison of the two methods indicated that the axial
velocity at the stator discharge, obtained from the momen-
tum analysis, was consistently higher than that obtained
from continuity. Since the peripheral component of velo-
city is obtained in the same manner in both analyses, the
resultant velocity obtained from momentum was also too high.
The resulting stator loss coefficients were unrealistically
low.
When using the momentum analysis, the axial velocity
is a function of the axial forces on the stator assembly.
All these forces are measured, with the exception of the
pressure force acting on the stator blades. This force is
determined from an assumed pressure distribution across the
blade row. Initially the pressure was assumed to vary
linearly from the stator hub to tip. When the velocities
obtained with this pressure distribution were too high, a
circular arc distribution was chosen in an attempt to
obtain more realistic results. Although this pressure
distribution yielded better results for the discharge velo-
cities and angles, the resulting stator efficiencies were
over one hundred percent.
In order to obtain more accurate pressure distributions
at the stator discharge, flow surveys were made. Although
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they were taken at several radial and peripheral positions,
the results obtained were not conclusive* Only the dis-
charge angles and total pressures could be considered cor-
rect. This was due to the probe calibration data which were
available to obtain the static pressures. The available
calibration curves hold for relatively low Mach Numbers,
and had to be extrapolated for the data obtained in the
present tests. The resulting corrections were of the order
of twenty percent of the total reading
.
These surveys did indicate however that the pressure
variation from stator hub to tip was nearly linear. Fig.
15 shows the pressure distribution at the stator discharge
„
However, the pressure measured in the gap between the clo-
sure plate and the stator casing was significantly lower
than that obtained from the survey data,, This would indi-
cate that, although a linear pressure distribution does
exist, the net force obtained is higher than that obtained
by using Eq. (4a)
„
It has already been noted that an increase in the force
on the stator results in a stator efficiency of over 100
percent. However, from the total pressure survey ahead of
the stator, it was found that the pressure indicated by the
six fixed probes is lower than the average total pressure
existing at the inlet. This results in an increase in the
stator efficiency. The actual pressure distribution ob-









































The analysis shown in Section 4 was given to indicate
a method that could be used if the pressure distribution at
the stator discharge were not known. A linear pressure dis-
tribution was assumed to obtain the initial values and then
the iteration was carried out to achieve agreement between
continuity and momentum. However, this analysis failed
for the majority of the data recorded in these tests. This
is due to the low loss coefficients obtained from the momen-
tum portion of the analysis.
Tables II, III, IV and V show the results obtained from
the momentum and continuity analysis for run number 79.
6. Conclusions and Recommendations .
Variations in the pressure at the flow nozzle inlet
affect all other readings significantly. Therefore, each
item of data recorded should be taken at a particular value
of nozzle inlet pressure. If average values of certain
data are used, data scatter may result.
Data reduction by the methods outlined in; Section 4
requires that all data be taken as accurately as possible.
However, errors resulting from low indicated values of total
inlet pressure will still be responsible for stator losses
which are too small. Since this installation was designed
for a turbine with smaller blade heights than those of the
Mod II, the flow passage area of the floating stator assem-
bly is almost equal to the annulus area ahead of the stator.
The installation of the screens ahead of the stator
causes an entropy gradient to exist at the stator inlet.
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Therefore, the assumption of uniform flow conditions is not
valid. This difficulty could be overcome by increasing the
size of the flow passage. The velocity in this region
would then be reduced and the total pressure variation at
the stator inlet would be reduced also. If the inlet total
pressure is obtained accurately the method outlined in
Section 4 will yield accurate results.
A further improvement could be made if the actual
throat pressure were measured. This could be done by plac-
ing static taps at the hub, mean, and tip locations along a
blade passage. Then the actual throat pressure could be
used in the flow function rather than the stator discharge
pressure. Fig. 17 is an illustration of how the pressure
taps could be located at the throat passage.
Although it has been found that the stator discharge
conditions may be predicted within three percent using a
momentum analysis alone, it is felt that better results
could be achieved with the analysis presented in Section 4,
if the recommended changes in instrumentation were made.
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COMPUTER PROGRAM TO OBTAIN TURBINE PERFORMANCE
The computer program (TTR2) is composed of an execu-
tive routine and 11 subroutines. Two of these subroutines
appear as subroutines of STATOR.
The comment cards give the program name, purpose, and
indicate the units of each input item.
The executive routine reads the number of data sets
to be reduced and provides the calling sequence for the sub-
routines. Any number of data sets may be reduced. However
each set may consist of a maximum of 50 data points.
Subroutine INPUT is then called. This subroutine
reads in the input data. The input data consist of the
following entries:
Single Entries
1. Number of test run (NRUN)
2. Axial and radial clearance (AXCLR and RADCLR)
3. Barometric pressure
4. Number of data points
5. Temperatures in the Cascade Lab and Control
Room
Multiple Entries
6. Pressure change across the flow nozzle
7. Total pressure flow nozzle
8. Total temperature, flow nozzle




10. Hub static pressure









16. Stator axial force
17 Dynamometer torque
18c Static pressure in hood-use Patm when
operating without the hood
19. Reference pressure for P+-ir>' Pi a on
20. Plenum static pressure
21. Closure plate axial force
22. Closure plate torque
23 o Reference pressure for six plenum Kiel probes
24. Pressures around end of shroud
All pressures are entered as they are read on the mano-
meter board with the exception of the actual pressure dif-
ferential across the flow nozzle in inches of water (DH)
.
The multiple entries are entered with eight data
points per card. After the input data have been read, they
are printed out before exiting the subroutine.
In the following subroutine descriptions, the item num-
bers refer to the numbers listed on the left side of the
enclosed print-out.
SETCON is the subroutine that establishes all the
constants that are used in the program. All quantities in
this subroutine have been discussed ,with the exception of
85
item 30. This factor accounts for the effect of blade
trailing edge thickness and will be used in the continuity-
analysis of STATOR.
Following SETCON, the input data aire changed from sub-
scripted to non-subscripted variables, which are denoted by
Q. This is done to avoid the use of subscripts in all sub-
routines.
CONVERT is the subroutine that changes all units to
. o .
a single system (psia, lb., ft., sec, R) . All areas
remain in square inches.
Item 2 is the equation used to convert the tempera-
tures, from millivolts, to degrees Rankine.
Item 3 is a conversion factor which accounts for the
variation of water density due to temperature changes.
Items 5 and 8 are conversion factors which account
20for the temperature affects on the density of mercury.
Items 26 through 29 depend on the calibration methods
used to calibrate the torque and axial force on the stator
assembly and closure plate.
Item 30 depends on the range over which the dynamo-
meter is calibrated.
FLORAT is the subroutine which computes the turbine
flofiarate. The formula development is given in Section 3.
STATOR is the subroutine which computes the flow
characteristics at the stator discharge. In this subroutine
20
Stearnes, R. F. , et . al. , Flow Measurement with Orifice
Meters (New York: Van Nostrand Co. , Inc. , 1951) , p. 261
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either MOMENT or CONTIN is called to compute the absolute
discharge velocity. The procedure followed in MOMENT has
been outlined in Section 4. The continuity analysis is
identical with that given in Section 4 for the rotor, with
the exception that absolute velocities are usedo The abso-
lute velocity at the stator discharge is then obtained from
V, - [2gJc p (TM -T,)]












The other flow characteristics at the stator discharge are
determined as shown in Section 4 under Stator Analysis.
ROTOR is the subroutine used to compute rotor exit
conditions. The formula development for this subroutine
may be found in Section 4 under Rotor Analysis.
PERFORM is the subroutine used to compute the various
performance parameters outlined in Section 4 under Turbine
Performance Analysis.
87
Following PERFORM, the executive routine converts the
Q variables back into a one-dimensional array for output.
OUTPTA is a subroutine that gives a printout of all










10. Absolute and relative discharge velocities and
angles for the stator and rotor 1
11. Total plenum temperature
12. Static temperature at stator and rotor discharge
13. Static temperature achieved by an isentropic
expansion from T,_ ,
14. Total temperature at the rotor discharge
15. Flow deflection in the rotor (A@ )
16. Turbine efficiency (Total to static)
17. Rotor and stator loss coefficients
18. Degree of reaction at the hub, mean, and tip
19. Absolute and relative Mach Numbers at the stator
discharge
20. Pressure ratio across the stator
21 o Stator blockage factor ( ^ )
88
OUTPUT prints out Items 3, 5, 17, 6, 7, 8, 9, 19 of
OUTPTA in a report format. The turbine tested, radial and
axial clearance, test run number, date of test, and data
reduction method are given in the heading
„
A sample program is shown in this appendix. Two
stator subroutines are shown. The second contains the iter-
ative process explained in Section 4.
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